Zebrafish
Introduction
During amphibian early development mesoderm is formed through inductive signals emanating from endoderm cells of the vegetal hemisphere and acting on the overlying equatorial cells. As development proceeds, the embryo is patterned by regionalization to form the three germ layers: ectoderm, mesoderm and endoderm. The molecular nature underlying this fundamental inductive event has been extensively studied and now partly elucidated. Endoderm is specified by the vegetally localized maternal T-box transcription factor VegT (Zhang et al., 1998) . Subsequently, several conserved inductive signals including Nodal, BMP, Wnt and FGF signals are involved in mesoderm induction and patterning (Heasman, 2006; Kimelman, 2006) . They may act as morphogens to exert long-rang effects on responding cells by activating the 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.07.001 expression of different target genes (Smith, 2009) . It is now well established that in Xenopus and in zebrafish embryos, both mesoderm and endoderm are induced and patterned by a combination of these signals (Kimelman and Griffin, 2000; Schier, 2003; De Robertis and Kuroda, 2004; Niehrs, 2004; Tian and Meng, 2005) . In contrast, little is known about the mechanism underlying ectoderm specification. The differentiation of ectoderm into neural tissue and epidermis has long been considered as a default state of embryonic development. However, a growing number of recent studies have suggested that ectoderm determinants are required for the specification and/or protection of the ectoderm fate. They are either maternal and/or zygotic factors that function as repressors to inhibit mesoderm differentiation in presumptive ectoderm (Bell et al., 2003; Dupont et al., 2005; Suri et al., 2005; Zhang and Klymkowsky, 2007; Yun et al., 2007; Sasai et al., 2008; Cao et al., 2008) , or as activators of ectoderm gene transcription, such as Foxl1e (Mir et al., 2007) . Thus, the formation of the three germ layers in the Xenopus embryo involves a strict control of the activation of different signaling pathways and target gene expression, nevertheless, whether a similar mechanism functions in ectoderm specification in the zebrafish embryo remains to be determined.
The high mobility group (HMG) proteins constitute a superfamily of nuclear proteins that regulate the expression of a wide range of genes through architectural remodeling of the chromatin structure, and the formation of multiple protein complexes on promoter/enhancer regions (Bianchi and Agresti, 2005; Hock et al., 2007) . This superfamily consists of three structurally distinct classes of proteins, HMGA, HMGB and HMGN, which are characterized by the presence of a carboxyl terminus rich in acidic amino acids, but each has a unique functional motif and participates in distinct functions. The HMGA family consists of four members, each containing several AT-hooks, which are the functional motifs that bind preferentially to AT-rich stretches of DNA. The HMGB family consists of three members with two HMG boxes and a highly acidic carboxyl-terminal region. HMGN proteins are characterized by the presence of specific nucleosome binding domain (Bustin, 1999) . In addition, the expression of hmg genes is developmentally regulated and changes in their expression levels can lead to developmental abnormalities. Several studies in Xenopus have indicated that hmg genes indeed regulate distinct developmental events. For example, an increase of HMGN protein level could prolong mesoderm competence of ectoderm cells in response to activin induction (Kö rner et al., 2003) . hmgb3 gene is strongly expressed in the entire animal hemisphere and its overexpression in the presumptive ectoderm increases eye and brain size (Terada et al., 2006) , while a recent analysis suggests that hmga2 is essential in cardiogenesis (Monzen et al., 2008) . Furthermore, hmgb3 has been shown to functionally interact with Wnt signaling to regulate hematopoietic stem cell self-renewal and differentiation (Nemeth et al., 2006) . These suggest that hmgb family genes may play an important role in cell fate decision, however, their function in germ layer specification is not clear.
Here we report functional analysis of hmgb3 gene during mesoderm formation and patterning. We show that it acts as a repressor of ventrolateral mesoderm formation both in zebrafish and in Xenopus embryos. Mechanistically, hmgb3 increases the expression of several dorsal genes but represses the transcription of the pan-mesoderm gene no tail/Xbra and other ventrolateral mesoderm genes. Thus, its differential regulation on dorsoventral mesoderm genes suggests that this may represent an additional mechanism involved in the specification and dorsoventral patterning of mesoderm during zebrafish and Xenopus development.
2.
Experimental procedures
Embryos, microinjection and cell lineage tracing
Wild-type zebrafish embryos were produced by natural mating and maintained at 28.5°C. Microinjections were performed at the one-to four-cell stage and cell lineage tracing was performed by coinjection of membrane GFP mRNA (Shao et al., 2009) and by immunolocalization of the GFP using specific antibody.
Xenopus embryos were obtained and handled as described (Li et al., 2010) . They were injected at the two or four-cell stage in 0.1X MBS containing 3% Ficoll-400. After injections, the embryos were kept in this solution for 3 h and then cultured in 0.1X MBS until they reached appropriate stages. LacZ mRNA was injected as a cell lineage tracer and ß-galactosidase staining was performed using red-gal as substrate (Research Organics, Cleveland).
Plasmid constructs
Xenopus hmgb1, hmgb2, hmgb3, fgf8 and zebrafish squint coding sequences were amplified by PCR and cloned in the pCS2 vector. The Xenopus eFGF construct was described previously (Isaacs et al., 1992) . To generate Flag epitope-tagged VegT, the coding sequence was amplified by PCR with primers including appropriate restriction sites and cloned inframe with the two Flag epitopes in pCS2 vector. The hmgb3EnR and hmgb3VP16 constructs were obtained by inserting the complete hmgb3 coding sequence upstream the engrailed repressor domain or the VP16 activator domain, respectively. hmgb3DC was generated by PCR amplification to delete the last 23 acidic amino acid residues.
RT-PCR and in situ hybridization
Extraction of total RNA from Xenopus animal cap explants and RT-PCR were performed as described (Li et al., 2010) . PCR primers for Xbra and Xwnt8 were reported previously (Shi et al., 2002; Li et al., 2006) . Fibronectin was used as a loading control (5 0 -TACCATATCTGGTCTGAAAC-3 0 and 5 0 -GAC-TGAAGTTGCAGTATTTG-3 0 ). The intensity of PCR products was analyzed using the Glyco BandScan software (Prozyme, San Leandro, CA, USA). Whole-mount in situ hybridization of Xenopus and zebrafish embryos was performed according to standard protocol (Harland, 1991; Thisse and Thisse, 2008) . Probes were labeled using digoxigenin-11-UTP (Roche) and appropriate RNA polymerase. For double in situ hybridizations, the embryos were incubated simultaneously with gsc probe labeled with fluorescein-12-UTP (Roche) and ntl probe labeled with digoxigenin-11-UTP, they were then incubated sequentially with anti-digoxigenin-AP antibody and anti-fluorescein-AP antibody. The chromogenic reaction was performed using BCIP/NBT and Fast Red as substrates.
Luciferase assays
All reporter constructs were either injected alone or coinjected with different synthetic mRNA in Xenopus embryos at the four-cell stage. Five whole embryos previously injected in the equatorial region were lysed at the early gastrula stage in 500 ll of lysis buffer (Promega). The lysate was clarified by centrifugation and luciferase assays were performed using the Luciferase Assay System (Promega). All luciferase reporter assays represent the mean ± standard error of the mean from at least five independent experiments using different batches of embryos.
Results

HMGB proteins differentially inhibit early mesoderm gene expression in the zebrafish embryo
In zebrafish there are six HMGB proteins with significant sequence identity, particularly in the HMG box region (Moleri et al., 2011) , we selected three genes (hmgb1, hmgb2 and hmgb3) for initial functional analysis. Synthetic mRNA (100 pg) corresponding to each of these genes was injected into zebrafish embryos at the one-to four-cell stage and the effects were first analyzed by in situ hybridization using different dorsoventral mesoderm markers. We found that overexpression of the wild-type hmgb1, hmgb2 and hmgb3 resulted in a slight increase in the expression domain of goosecoid (gsc) at the 50% epiboly stage (Fig. 1A-D) . However, the expression pattern of the pan-mesoderm marker no tail (ntl) was significantly affected. Typically, the circular ntl expression pattern (Fig. 1E ) presented a gap in embryos injected with each of the three mRNAs ( Fig. 1F-H) . Injection of hmgb1, hmgb2 or hmgb3 mRNA also inhibited the expression of the ventrolateral mesoderm marker eve1 at the 50% epiboly stage (Fig. 1I-L) . These results indicate that HMGB proteins may inhibit the expression of a subset of mesoderm genes in the zebrafish embryo.
The phenotypes of injected embryos were analyzed at 48 h of development. When compared with the control embryo (Fig. 1M) , the embryos injected with hmgb1, hmgb2 or hmgb3 mRNA developed very similar phenotype, typically, they exhibited a short anteroposterior axis with a normal head region ( Fig. 1N-P) . As an example, all control embryos developed normally (n = 63), while 53% of the hmgb3-injected embryos had a bent and shortened anteroposterior axis (n = 91). This phenotype may be a consequence of the altered expression of dorsoventral mesoderm genes. However, the alteration of gsc expression is not obvious and the location of the ntl absent gap with respect to hmgb gene overexpression is not clear in the above experiment, therefore, we first examined gsc expression at different stages following hmgb3 overexpression. Compared with control embryos at the 50% epiboly, shield and bud stages ( Fig. 2A-C) , hmgb3-injected embryos exhibited alteration of gsc expression at the 50% epiboly and shield stages ( Fig. 2D and E). At the bud stage, the alteration became more evident, with an increased gsc expression both in the anterior edge of the neural plate and in the prechordal plate, which was wider in most hmgb3-injected embryos ( Fig. 2F; Fig. S1 ). We then used membrane GFP to localize the ntl absent gap. hmgb3 mRNA was coinjected with membrane GFP mRNA, in situ hybridization was performed at the 50% epiboly stage following immunolocalization of the membrane GFP. Injection of membrane GFP mRNA alone, even at one-cell stage, resulted in mosaic distribution of the protein, but did not affect ntl expression (Fig. 2G) . Coinjection of hmgb3 with membrane GFP clearly indicated that hmgb3 inhibited ntl expression near the injection site ( Fig. 2H ), suggesting that the discontinuous ntl expression was due to the uneven distribution of the injected mRNA. We further performed double in situ hybridizations to see if ntl expression is always down-regulated in the same domain of the embryo. When gsc expression was used to localize the dorsal region, it is clear that ntl expression was inhibited randomly in 53% of the hmgb3-injected embryos at the 50% epiboly stage (Fig. 2I) , depending on where the hmgb3 was overexpressed (Fig. S2 ). Consistent with this result and with the absence of eve1 expression in the dorsal region in the control embryo, we found that eve1 expression was inhibited in 42% of the hmgb3-injected embryos (Fig. S3) . Therefore, the phenotypes observed at 48 h of development correlate well with the reduced ntl expression at the 50% epiboly stage.
HMGB3 may function as a transcription repressor in ventrolateral mesoderm induction
To examine how HMGB proteins inhibit ventrolateral mesoderm gene expression, we injected mRNA encoding either HMGB3EnR or HMGB3VP16 in the zebrafish embryo and analyzed gene expression pattern and phenotypes as above. We used this approach instead of morpholino antisense knockdown because there are six highly conserved HMGB proteins in zebrafish and it has been suggested that functional redundancy might exist among co-orthologs but also among hmgb genes of different subfamilies, and combinations of morpholinos specifically targeting individual hmgb genes will be needed to address the functions of endogenous proteins (Moleri et al., 2011) . We found that injection of hmgb3EnR mRNA (20 pg) expanded the expression domain of gsc ( Fig. 3A and B; Fig. S1 ) and strongly inhibited the expression of ntl and eve1 (Fig. 3E , F, I, J; Fig. S3 ), whereas injection of hmgb3VP16 mRNA (10 pg) weakly inhibited gsc expression ( Fig. 3C; Fig. S1 ) and had no obvious effect on ntl and eve1 expression patterns ( Fig. 3G and K; Fig. S3 ). This suggests that HMGB3 may function as a repressor on the expression of ntl and eve1. Since the acidic tail of various HMGB proteins was thought to modulate their affinity for DNA structures through interaction with histones (Hock et al., 2007; Ueda and Yoshida, 2010) , we also injected hmgb3DC mRNA, which encodes a truncated form of HMGB3 lacking the last 23 acidic amino acid residues (Fig. S4) . At the same dose of mRNA (100 pg) as the wild-type hmgb3, hmgb3DC also expanded the expression domain of gsc ( Fig. 3D; Fig. S1 ) and inhibited the expression of ntl and eve1 ( Fig. 3H and L; Fig. S3 ). Consistent with the result from gene expression analysis, hmgb3EnR-injected embryos showed severely affected phenotype. Compared with the control embryo (Fig. 3M) , they typically lacked trunk and posterior structures but with a normal head region (Fig. 3N ). In contrast to and different from the phenotypes produced by injection of hmgb3EnR, about 50% hmgb3VP16-injected embryos developed a shortened anteroposterior axis with small head (Fig. 3O and R). Overexpession of hmgb3DC produced similar but less affected phenotypes than those obtained by overexpression of hmgb3EnR, with the absence of the entire posterior region, but with more trunk region than hmgb3EnR-injected embryos ( Fig. 3P and Q).
HMGB3 differentially regulates the expression of the three germ layer markers
To analyze in more detail the role of hmgb3 in regulating dorsoventral patterning, we examined the expression pattern of a panel of dorsoventral mesoderm, neuroectoderm and endoderm markers following overexpression of wild-type hmgb3 and different mutants. At the shield stage (6 hpf), the expression of the organizer gene chordin (Fig. 4A1-A5 ) was expanded Embryos were injected with hmgb3 mRNA alone or coinjected with membrane GFP mRNA, they were cultured to various stages for in situ hybridization using gsc or ntl probe. (A-C) gsc expression in control embryos at the 50% epiboly (A), shield (B) and bud (C) stages. (D-F) gsc expression in hmgb3-injected embryos at the 50% epiboly (D), shield (E) and bud (F) stages. (G and H) ntl expression in GFP-injected (G) and GFP and hmgb3 coinjected (H) embryos. Brown color indicates membrane GFP-labeled cells. (I) Summary of the down-regulated ntl expression domain in hmgb3-injected embryos, as analyzed by double in situ hybridizations using ntl and gsc probes (see Fig. S2 ). The numbers on the top indicate total embryos analyzed from two independent experiments. more laterally, but not ectopically induced, in embryos injected with hmgb3, hmgb3DC or hmgb3EnR mRNA ( Fig. 4A2-A4; Fig. S5 ), but was not affected in embryos injected with hmgb3VP16 mRNA ( Fig. 4A5; Fig. S5 ). A similar result was obtained when the expression pattern of flh, a homeobox gene specifically required for notochord development (Talbot et al., 1995) , was examined ( Fig. 4B1-B5; Fig. S5 ). At the 50% epiboly stage, we also examined the expression pattern of a number of genes whose normal expression is localized either to the entire margin or to the ventrolateral mesoderm, including sqt (Fig. 4C1-C5) , fgf8 (Fig. 4D1-D5) , wnt11 (Fig. 4E1-E5) , wnt8a (Fig. 4F1-F5 ), tbx6
( Fig. 4G1-G5 ), vent1 (Fig. 4H1-H5 ) and vox (Fig. 4I1-I5 ). Compared with uninjected embryos, the expression level of all these genes was reduced in most embryos overexpressing hmgb3, hmgb3DC or hmgb3EnR mRNA, whereas injection of hmgb3VP16 had no effect, or a very weak effect, which did not allow us to determine with certainty the difference with respect to uninjected embryos (Fig. S5 ). In addition, we found that, although the expression of vox in the mesoderm was reduced, its expression in the ectoderm was enhanced in embryos injected with hmgb3, hmgb3DC or hmgb3EnR mRNA ( Fig. 4I1-I4; Fig. S5 ). These results indicate that hmgb3 inhibits the expression of ventrolateral mesoderm genes and may regulate dorsoventral patterning.
We then examined the expression pattern of neuroectoderm markers. At 80% epiboly, the expression domain of otx2 was expanded in hmgb3, hmgb3DC or hmgb3EnR-injected embryos (Fig. 5A-D, A'-D'; Fig. S6 ), whereas its expression domain was unchanged but the expression level was reduced in hmgb3VP16-injected embryos ( Fig. 5E and E'; Fig. S6 ). On the contrary, the expression of hoxb1b was inhibited in hmgb3, hmgb3DC or hmgb3EnR-injected embryos (Fig. 5F -I, F'-I'; Fig. S6 ), whereas it was not affected in hmgb3VP16-injected embryos ( Fig. 5J and J'; Fig. S6 ). At 50% epiboly, the expression of the non-neural ectoderm gene gata2a was expanded in hmgb3, hmgb3DC or hmgb3EnR-injected embryos ( Fig. 5K-N;  Fig. S6 ), while it was unchanged in hmgb3VP16-injected embryos ( Fig. 5O; Fig. S6 ). As for the endoderm marker sox32, overexpression of hmgb3, hmgb3DC or hmgb3EnR led to an increase of its expression in the anterior region at the 75% epiboly stage ( Fig. 5P-S; Fig. S6 ), while overexpression of hmgb3VP16 reduced its expression in most injected embryos ( Fig. 5T; Fig. S6 ).
HMGB3 acts downstream of mesoderm-inducing factors to regulate mesoderm gene expression
Since overexpression of hmgb3 affects ntl expression and posterior mesoderm formation, we further wanted to know if it also inhibits mesoderm gene expression induced by exogenous mesoderm-inducing factors. For this purpose, we injected mRNA encoding FGF8 or sqt along with mRNA encoding HMGB3 or HMGB3EnR into the zebrafish embryo and analyzed ntl expression pattern at the 50% epiboly stage. In embryos injected with fgf8 (10 pg) or sqt (2 pg) mRNA alone, ntl expression was either enhanced at the margin or ectopically induced in the entire sphere (Fig. 6A, B, E) , however, coinjection of hmgb3 or hmgb3EnR mRNA blocked the ectopic expression of ntl in the sphere and also interrupted the circular ntl expression in the margin (Fig. 6C, D, F, G) . In this experiment, hmgb3EnR also more potently inhibited ntl expression induced by exogenous factors than the wild-type hmgb3. FGF8 has been shown to have dorsalizing activity in the zebrafish early gastrula (Fü rthauer et al., 1997), and induces gsc ectopic expression ( Fig. 6H and I) , this was not significantly affected by overexpression of hmgb3 or hmgb3EnR (Fig. 6J and K) . These observations further indicate that hmgb3 functions as a repressor of ventrolateral mesoderm induction, downstream of mesoderm-inducing factors.
We then used RT-PCR to analyze the activity of hmgb3 on mesoderm gene expression using Xenopus ectoderm explants. Synthetic mRNA encoding eFGF or VegT was injected alone or coinjected with mRNA encoding HMGB3, HMGB3DC or HMGB3EnR into the animal pole region of the two-cell stage Xenopus embryos, ectoderm explants were dissected at the early gastrula stage for RT-PCR analysis. In this assay, the effect of hmgb3 on the expression of Xbra and wnt8 induced by eFGF and VegTwas not evident, while hmgb3DC and hmgb3EnR more strongly inhibited Xbra expression. hmgb3EnR also strongly inhibited the expression of wnt8 (Fig. 6L and M) . Thus, hmgb3 may also regulate mesoderm gene expression and mesoderm induction downstream of mesoderm inducing factors in Xenopus embryo.
HMGB3 inhibits mesoderm formation in the Xenopus embryo
We further extended our functional analysis of hmgb3 on mesoderm formation in the Xenopus embryo. Dorsal injection of the wild-type hmgb3 mRNA (500 pg) weakly inhibited Xbra expression at the early gastrula stage, while injection of hmgb3DC mRNA (500 pg) more strongly inhibited Xbra expression, resulting in a gap in the circular Xbra expression pattern at the injection site, as revealed by the cell lineage tracer (Fig. 7A-C) . This indicates that mesoderm formation is blocked in these injected cells. To see if there is a change in fate of the injected cells, we analyzed the expression of type II cytokeratin, which is expressed exclusively in the future epidermal cells and is excluded in the entire marginal zone mesoderm and future neural plate of uninjected early gastrula (Fig. 7D) . We found that its expression domain was expanded toward the sites where hmgb3 or hmgb3DC was overexpressed, in particular, some type II cytokeratin-expressing cells were scattered near the dorsal blastopore lip (Fig. 7E and F) . A similar result was obtained using Xema, which is expressed in the presumptive ectoderm of uninjected early gastrula but is excluded in the dorsal blastopore lip region ( Fig. 7G ; Suri et al., 2005) . However, ectopic Xema expression was detected in the early gastrulae previously injected with hmgb3 or hmgb3DC (Fig. 7H and I) . At the late gastrula stage, we analyzed the expression pattern of two neuroectoderm genes, sox2 and sox3. The results showed that their expression was also expanded following hmgb3 or hmgb3DC overexpression (Fig. 7J-O) . As development proceeds, injected embryos showed reduced paraxial mesoderm as revealed by the expression pattern of muscle light chain (MLC) gene (Fig. 7P-R) . Thus, these results suggest that the formation of paraxial structures of the embryo is impaired to some extent following hmgb3 or hmgb3DC overepxression.
HMGB3 activates gsc transcription and represses Xbra transcription in the Xenopus gastrula
To extend the above analyses and to provide the underlying mechanisms, we have examined the effects of the wildtype hmgb3 on the transcription of various mesoderm genes including gsc, Xnr1, Mix2 and Xbra. We tested how the promoters of these genes responded to hmgb3 overexpression in whole embryos. Different reporter DNAs were injected alone or coinjected with hmgb3 mRNA (500 pg) in the marginal zone of the 4-cell stage Xenopus embryos. Consistent with the results obtained by in situ hybridization in the zebrafish embryo, luciferase assays carried out at the early gastrula stage showed that hmgb3 significantly activated the gsc promoter, with an average 6-fold increase of the luciferase activity (Fig. 8A) . However, hmgb3 repressed the Xbra2 promoter, with a more than 2-fold decrease of the luciferase activity (Fig. 8B) . In contrast, the activity of Xnr1 and Mix2 promoters was not affected (Fig. 8C and D) . This result suggests that hmgb3, either directly or indirectly, regulates the expression of a subset of mesoderm genes at the gastrula stage.
Discussion
In this study we have demonstrated that HMGB family proteins function to repress ventrolateral mesoderm formation in zebrafish and Xenopus embryos. Our results suggest that The HMG superfamily of nuclear proteins regulate the expression of a wide range of genes through architectural remodeling of the chromatin structure and modulate multiple aspects of developmental process and tumorigenesis, however, their biological functions seem to be complex and their effects on the cellular phenotype are still poorly understood (Hock et al., 2007) . At present, there is only limited information on the implication of HMGB family proteins in early development. Knockdown of hmgb3 has been shown to increase the number of erythrocytes in mice (Nemeth et al., 2005) and reduces eye and brain size in Xenopus (Terada et al., 2006) , nevertheless, how hmgb3 regulates germ layer specification has not been addressed so far. We found that overexpression of hmgb3, as well as other members of the hmgb gene family such as hmgb1 and hmgb2, inhibits ventrolateral mesoderm gene expression in zebrafish and Xenopus embryos. In addition, a mutant form of hmgb3 in which hmgb3 was fused with the Drosophila engrailed repressor domain most strongly repressed ventrolateral mesoderm gene expression and mesoderm formation, whereas the mutant in which hmgb3 was fused with the VP16 activator domain had a weak opposite effect. This suggests that HMGB family proteins may exert transcriptional repression on ventrolateral mesoderm gene expression induced by endogenous inducers and should function to restrict mesoderm formation. These results are consistent with the expression pattern of different hmgb genes in the ectoderm, for example, both hmgb3 and hmgb2 are abundantly expressed in the entire ectoderm of early Xenopus gastrula (Kinoshita et al., 1994; Terada et al., 2006) . Using ectoderm and neuroectoderm-specific markers, we have also found that hmgb3 overexpresson not only inhibits ventrolateral mesoderm gene expression, but also leads to an expansion of ectoderm-specific markers. This result suggests that hmgb3 may promote ectoderm differentiation and regulate mesoderm patterning. Therefore, it is conceivable that hmgb genes restrict ventrolateral mesoderm formation at the initial stage of germ layer specification. However, although overexpression of hmgb3 expands the expression domain of most ectoderm and neuroectoderm genes, it repressed the expression of hoxb1b, which is localized to the posterior neural plate. At present, we do not have a plausible explanation for this result, but this might be a secondary consequence due to the repression by HMGB3 on ventrolateral mesoderm.
HMGB3 exhibits a certain degree of selectivity in repressing mesoderm gene expression at the early stage of germ layer specification. Both in zebrafish and in Xenopus, it repressed the expression of the pan-mesoderm gene ntl/Xbra and a number of ventrolateral mesoderm genes, whereas the expression of dorsal mesendoderm genes including gsc, chordin and flh was increased. In addition, the expression of the endoderm gene sox32 was also increased in the anterior region at the 75% epiboly stage. Since sox32 is expressed both in the endoderm and in the dorsal forerunner cells, which may partially overlap gsc-expressing cells at the leading edge of the dorsal hypoblast, HMGB3 may regulate its expression either directly, or indirectly due to an expansion of dorsal mesendoderm cells. The differential regulation of dorsoventral genes by hmgb3 is consistent with the phenotype resulted from its overexpression. Embryos overexpressing wild-type hmgb3 developed a short anteroposterior axis, and overexpression of HMGB3 lacking the carboxyl-terminal acidic region or HMGB3EnR, which have more strong repressor activity, produced embryos with trunk and posterior deficiency whereas the head region is not affected. In addition, hmgb3DC or hmgb3EnR-injected Xenopus embryos also show gastrulation defects with spina bifida (not shown). These phenotypes are closely similar to those obtained by inhibition of FGF signaling (Amaya et al., 1991; Griffin et al., 1995) and ntl/ Xbra function (Tada and Smith, 2000) , further supporting the conclusion that HMGB3 essentially regulates pan-mesoderm and ventrolateral mesoderm gene expression at the early gastrula stage. At present, although it is not clear why removing the acidic tail could enhance the ability of HMGB3 to repress ntl expression or to activate gsc expression, the observation that HMGB3DC was more potent than the wild-type HMGB3 in transcription repression is consistent with various studies showing that the acidic tail of HMGB protein family may regulate the biological function of HMGB proteins. It has been shown that removal of the acidic tail from HMGB1 increases the affinity of the HMG boxes for DNA (Lee and Thomas, 2000) and that the acidic tail of HMGB proteins may play a role in protein-protein interaction, in particular with histones, and in the modulation of the activity of HMGB proteins in transcription regulation (Ueda and Yoshida, 2010) . In accordance with our observation, it has been reported that HMGB4, which lacks the acidic region, functions as a transcription repressor (Catena et al., 2009 ).
There are several possibilities by which HMGB3 represses ventrolateral mesoderm gene expression. First, it may directly repress transcription of the pan-mesoderm gene ntl/Xbra, but with low activity as revealed by in situ hybridization and reporter analyses. Second, it may indirectly repress ntl/Xbra expression through activation of gsc, a repressor which binds to Xbra promoter and represses its expression (Latinkic et al., 1997) . Nevertheless, it is also possible that HMGB3 both directly and indirectly regulates ntl/Xbra expression. In this regard, HMGB3 may function as a transcriptional activator for gsc and a repressor for ntl. Thirdly, it has been shown that HMGB proteins could interact with POU domain of transcription factors (Zwilling et al., 1995; Agresti and Bianchi, 2003; Ueda and Yoshida, 2010) . Interestingly, the POU domain transcription factor oct25 has been shown to repress nodal target genes during mesoderm induction and maintains undifferentiated state of ectoderm cells in Xenopus (Cao et al., 2008) . Thus, the relationship between HMGB3 and POU domain transcription factors in mesoderm formation merits further investigation, in particular, whether there is a biochemical and functional interaction between HMGB3 and oct25 remains to be determined.
Overexpression of hmgb3, hmgb3DC and hmgb3EnR expands the expression of flh, while hmgb3VP16 has no obvious effect. Although flh is genetically downstream of ntl during notochord development (Halpern et al., 1997; Morley et al., 2009) , its expression pattern is not affected in ntl mutants at the early gastrula stage (Melby et al., 1997) . In addition, unlike ntl mutants, mutation of flh only affects notochord formation (Talbot et al., 1995) . These imply that flh and ntl are independently regulated at the early gastrula stage and could explain why they are differentially affected following hmgb3 overexpression at the 50% epiboly stage. Thus, the differential regulation of dorsoventral mesoderm genes by HMGB3 suggests that it may be involved in dorsoventral patterning.
A growing number of evidence has strongly suggested that ectoderm determinants are required for the specification and/ or protection of the ectoderm fate in Xenopus embryo. Maternal or zygotic factors expressed in the presumptive ectoderm function either as repressors to inhibit mesoderm differentiation in the presumptive ectoderm (Bell et al., 2003; Dupont et al., 2005; Suri et al., 2005; Zhang and Klymkowsky, 2007; Yun et al., 2007; Sasai et al., 2008) or as activators of ectoderm gene transcription (Mir et al., 2007) . However, whether the same is true in zebrafish early embryo remains to be an open question. In this study, we have presented several lines of evidence showing that different HMGB proteins repress a subset of mesoderm gene expression, but expand the expression of several dorsal mesoderm genes. Thus they may play a role in dorsoventral mesoderm patterning. Since HMG proteins are nuclear proteins that regulate gene expression through architectural remodeling of the chromatin structure, and formation of multiple protein complexes on promoter/enhancer regions (Bianchi and Agresti, 2005; Hock et al., 2007) , the results from our analyses suggest that they may provide an additional mechanism to fine-tune the specification of the three germ layers and the patterning of dorsoventral mesoderm during zebrafish and Xenopus development.
